Abstract-Silicon-based waveguide plasmon detectors have a great research interest because of CMOS compatibility and integration capability with other plasmonic integrated circuits. In this paper, a balanced metal-semiconductor-metal (MSM) integrated plasmonic detector is proposed to isolate the output from dark current and made it suitable for low noise applications. Performance characteristics of the new device are numerically simulated. In a specific bias point (V = 3 V), the output current is estimated to be about 31.8 μA and responsivity is 0.1288 A/W for a device with 2 μm 2 area. Simulation results for this balanced Plasmon detector demonstrate considerable dark current reduction compared with unbalanced plasmon detectors. Our estimated theoretical I-V characteristic, fits appropriately with experimental curve results reported before.
INTRODUCTION
Recently, many pieces of research have been focused on detection of infrared (IR) wavelengths, in applications like optical communications, material inspection, imaging for thermal analysis and biomedical measurements [1, 2] . Detection of IR wavelengths based on electron-hole pair (EHP) generation mechanism suffers from considerable noise resulted by using low bandgap semiconductors. On the contrary, internal photoemission (IPE) mechanism makes sub-bandgap detection possible. Nevertheless, low detection responsivity of IPE process is a negative point, which can be compensated by creating a higher intensity of electric field, and as a result, increasing level of photon absorption and photo-generated carriers in plasmonic detectors, specifically in Plasmonic Integrated circuits [3, 4] .
Plasmonic IPE photodetectors can be fabricated in parallel (waveguide) [5, 6] or vertical [7] source configurations. Siliconbased waveguide plasmon detectors are a key component in designing CMOS compatible integrated plasmonic circuits because of their capability with other plasmonic integrated circuits [8] . These detectors are composed of Schottky contacts and plasmonic waveguides. For instance, Metal-SemiconductorMetal (MSM) waveguides can be used in IPE based Schottky plasmon detectors in symmetric or asymmetric configurations.
The sample reported in [6] is proposed as a novel class of asymmetric MSM-IPE detectors, which has, comparable performance parameters to state-of-the-art photodiodes while having a tiny footprint. Despite all these benefits, the proposed device has a large amount of dark current that is under the same enhancement process as detection current, which makes these devices inappropriate for low noise applications.
In this paper, a balanced structure [21] based on the reported detector of [6] has been proposed, in which the effect of dark current on the output load is considerably decreased, while appropriate responsivity and bandwidth characteristics of the new device are relatively preserved. In section 2, physical structure of the proposed detector will be introduced. Then, operation principles will be discussed in sections 3. Simulation method and results are presented in section 4. Finally, process of this work will be concluded in section 5.
II. DEVICE STRUCTURE
Physical structure of the proposed detector, which consists of two identical asymmetric MSM waveguides, is sketched in fig.1 . Each waveguide has a lightly p-doped Silicon core sandwiched between Titanium and Gold layers forming two metal-semiconductor junctions. Physical parameters of the detector layers are summarized in table 1. In this structure, carriers flow through the narrower region of the Si core, which is considered as an active region (height ≈ 275nm) in fig. 1 .
One of the two waveguides has an optical input while the other one is existed just for creating the same dark current as the main waveguide to form a differential structure, which leads to a considerable reduction of dark current in output. MSM waveguides are biased to create same dark currents as shown in fig.2 that results in a negligible output current in absence of photon/plasmon source. By applying an optical input to MSM#1, detection current will be added to its background dark current. This extra current will be the output of the differential detector.
III. OPERATION PRINCIPLES

A. A model for IPE
Internal photoemission mechanism is based on generation of hot carriers by absorption of photons (or plasmons) in metal side of a Schottky barrier. IPE can be described as a 3-step process [3] . 1) Generation of hot carriers by absorption of photons /plasmons in metal side, 2) transmission and scattering of hot carriers toward semiconductor interface, 3) Emission of hot carriers from the Schottky barrier and creating detection current. In order to overcome the Schottky barrier (ɸB), hot carriers should be generated by absorbing Photons/plasmons with the energy (hʋ; h is Planck's constant and ʋ is optical frequency) more than ɸB and less than bandgap of semiconductor (ɸB<hʋ<Eg) because above the upper limit of this condition, Electron Hole Pairs (EHP) generation mechanism will be dominant. Details of photon absorption and hot carrier generation in different metals are described by ab-initio approach in [9, 10] which provides density states of hot carriers in metal side. This density of states can be imported in FowlerNortheim equation for calculating the transmission coefficient of a triangular potential (Schottky) barrier [11] and as a result, determining detection current. However, Berini [12] described this 3-step process through a semi-classical model, which is simpler and more practical in the simulation of photonic/plasmonic devices. According to this model, internal quantum efficiency of a photo-detector is calculated by [12] :
On the other hand, there is another notation for ηi as [12] :
Where Ip and q are photocurrent and elemental charge and Sabs is absorbed optical power, which is converted to incident optical power by Sabs=A Sinc that A determines the merit of photonic to the plasmonic converter. Therefore, photo-detection current in a single Schottky interface is obtained as follows:
Effects of tunneling and barrier lowering mechanisms will also be included in this simplified model in section B.
B. Energy band diagram
Energy band diagram of each MSM waveguide of proposed detector structure is shown in fig. 3(a) . Schottky barriers for electrons on each side of the MSM waveguide can be calculated by ɸBn=W-X. Where X is the electron affinity of Si and W is metal's work function. Since a Schottky diode operation is based on majority carriers, in p-doped Si-core MSM waveguide, all calculations should be done on holes. The Schottky barrier for electrons can be converted to holes by ɸBp=Eg-(W-X). However, surface states and Fermi level pinning effect influence these potential barriers and experimental data are more reliable than above equations. Consequently, schottky barrier heights for electrons at Au-Si and Ti-Si interfaces are considered as 0.82ev [13] and 0.62ev [14] respectively, which would be 0.3ev and 0.5ev for holes. In fig. 3(a) , for compensation of internal voltage (Vbi=0.2V) arising from the Schottky barrier difference between two junctions, Au contact must be connected to a higher potential than the Ti side which leads to fig. 3(b) . In this structure, surface plasmon polaritons (SPPs) propagate along both interfaces [15] . Plasmon absorption is proportional to imaginary part of metal permittivity at desired wavelength according to Beer's law (α=2ω/c[Im(εr)/2] 0.5 where α is the attenuation coefficient in metal, εr and ω are metal's relative permittivity and angular frequency of photons and c is speed of light) [15] . The relative permittivity of gold and titanium can be calculated by the DrudeLorentz model [16] as -93.06+11.11i and -4.87+33.7i at λ=1550nm respectively. According to these data, although the titanium side has a prominent role in plasmon absorption, generated hot holes of Au side determine detection current according to energy diagram of fig. 3(b) and this current will be added to the current of forward biased Ti-Si junction.
Under an appropriate biasing condition, energy diagram of fig. 3(a) changes into the fig. 3(b) . Effects of Schottky barrier lowering (ΔφBn-Ti, ΔφBp-Au) and tunneling of carries through effective barrier widths (Weff) should be considered in this case. The Schottky effect is the image-force-induced lowering of the potential energy for charge carrier emission and is proportional to applied voltage according to the following equation [17] :
Here, Vapp is the applied voltage, εs is Si permittivity and W is core width in the MSM structure. By reducing the Schottky barrier height, thermionic emission current will be increased.
Increasing the probability of tunneling through the Schottky barrier is another voltage-dependent effect in described MSM detector. Detailed energy diagram of Ti-(n-Si)-Au structure is shown in fig. 4 . 
Tunneling component of current in a Schottky junction is shown in fig.4 and can be described by [18] :
Where JT is tunneling current density, A* and T are effective Richardson's coefficient and lattice temperature, fs(E) and fm(E) are the Maxwell-Boltzmann distribution functions in the semiconductor and metal, K is Boltzmann's constant, E is the carrier energy and Γ(E) is tunneling probability. To obtain the localized tunneling rate, eq. (6) is imported in GT = (∇JT)/q and yields [19] :
Where E and n are the local electric field and local electron concentration, Nc is the local conduction band density of states, ɣn is the local Fermi-Dirac factor, Ec is the local conduction band edge energy and EFM is the Fermi level in the contact. The tunneling probability (Γ(y)) in this equation can be determined by assuming a linear variation of conduction band energy (Ec), as follow [19] :
Here, m is the electron effective mass for tunneling and ℏ is reduced Planck's constant. Based on Eq. (5), in a specific "y" by increasing the applied voltage, Ec(y) will be decreased which causes enhancement of tunneling probability according to Eq. (8) . Similar expressions of the above equations exist for holes by considering Ev = Ec-Eg, hole's average effective mass, ɸBP, etc. as an alternative for corresponding parameters. However, calculation (based on parameters which are determined in Table. II of section IV) shows that effect of tunneling term in total current is very limited (JT is about 8.8435×10 -12 ), hence, it is neglected in later calculations.
C. Current Analysis
The differential detector of fig. 2 can be considered as 2 Schottky diodes in the configuration of fig. 5(a) . Gold-Silicon (p-type) junction has a low potential barrier which reduces even more base on barrier lowering effect by applying the external voltage (ΔɸB = 0.0351ev for V = 2V). Simulations in the next section show that Au-Si junction in this structure can be considered as an Ohmic contact and this assumption leads to an I-V characteristic that fits appropriately with experimental curve reported in [6] . In this circuit, D1 and D2 are forward biased and hot holes generation occurs in Au-Si junction (Jdet) which is imported in current relation of D1. Current density of these Schottky diodes can be determined by modifying relations of [17] as follow: 
In these equations, ndark and ndet are ideality factors of nonilluminated and illuminated modes respectively. In illuminated mode because of hot carrier generation in metal, average energy of electrons is more than dark condition that results in enhancement of thermionic emission process. Furthermore, Ideality factor in a Schottky barrier depends on contribution of thermionic emission and tunneling in diode current [22, 23] . Thus, ndark and ndet are not equal and are specified as ndark = 1 and ndet = 3.5 by curve fitting on experimental results of [6] .
D. Bandwidth
Operating speed analysis of Au-Si-Ti detector has been done in [6] . It was shown that among different limitations, such as hot-carrier lifetime in metals, carrier drift time through the semiconductor layer and RC time constant, the last one has a dominant effect. Capacitance of MSM junction is estimated based on an equivalent parallel-plate capacitor (C) with 5μm × 275nm metal area across W=200 nm Si core which leads to a capacitance below C = 0.7 fF. According to fig. 5(b) , in the differential detector, there would be two parallel capacitors, which duplicate RC time constant of this structure with same load resistance (R = 50 Ω) compared with the initial detector. Nevertheless, this bandwidth reduction (by factor 2) is the paid cost for eliminating the dark current effect on the load.
IV. SIMULATION AND RESULTS
Simulations have been done in MATLAB™ to determine I-V characteristic of the structure shown in fig. 5(a) . In order to verify the validity of mentioned equations (9, 10), the fabricated structure reported in [6] , is simulated and results are compared with the reported empirical curves. Simulation parameters are summarized in table II and comparison of results are available in fig. 6 for dark and detection currents. Structural similarities between Introduced device of this work and reported device of [6] , allow us to apply the presented theories to simulation of the proposed device. Numerical solution of equations (9) to (11) has been done simultaneously and I-V characteristics of different parts in the proposed differential detector are presented in fig. 7 and compared with the single MSM structure. Current of D1 which consists of dark and detection components is almost equal to the current of previous single MSM detector under illumination. On the other hand, D2 without any optical input has only the dark component, which is approximately equal to the dark current of the single MSM structure. However, there is a slight difference between corresponding currents in differential and single MSM detectors caused by increased load voltage. Load current in fig.  7 is created by the current difference of D1 and D2 in the differential structure and as mentioned before, it is equal to the detection current. Fig. 6 . Comparison of Simulation results with empirical curves [6] . Both experiment and simulation results belong to single MSM detector. The responsivity of a detector is defined as the slope of output current versus optical input power characteristic, which is plotted for 3 bias voltages 1V, 2V and 3V in fig. 8 . Fig. 8 . Output current as a function of optical input power in the differential structure for V = 1, 2 and 3 V Finally, In order to evaluate performance of the proposed device, dark current, responsivity, electrical bandwidth (BW) and area parameters are calculated for both structures and summarized in table III. In this paper, a differential asymmetric MSM IPE plasmon detector is proposed and theoretically analyzed. The key advantage of the proposed device is isolating the output from dark current while maintaining other performance characteristics in a reasonable range. However, this improvement result is in a trade-off with area and modulation bandwidth. Performance of the new device is theoretically investigated with semi-classic models. In a specific bias condition (V=3v), output current is estimated to be 31.8 μA, responsivity is predicted to be about 0.1288 A/W and bandwidth factor is x0.5. These properties, which are achieved in a small footprint 2 μm 2 , make the new device a good choice for low noise integrated plasmonic applications.
